Leaching of soluble elements from cultivated soils is a major concern to meet the target of agricultural sustainability in most areas. The effect of biochar application to a cultivated soil on water drainage and the consequent solute losses was assessed during a trial carried out over two consecutive growing seasons. Biochar was added to a loam-texture soil, at 0, 1, and 2% d.w. rates. A lysimeter-like set-up arranged in the experimental field-unit, allowed collecting the percolating water. Two multiple linear regressions (ANCOVA models) were applied to detect biochar effect on: (1) The seasonal amount of drained water; and (2) the concentration of solutes in the drained water. The statistical comparison among a set of slope coefficients as affected by treatments (growing season and biochar) was used as modelling approach. The lower biochar application rate (1%) significantly reduced both the amount of drained water and its concentration in solutes. Conversely, the higher biochar application rate (2%) showed no significant effects. Nitrate and chloride showed a significant interaction with biochar application rates. Higher biochar application increased nitrate leaching while reduced that of chloride. Biochar application within a rate no more than 1% resulted in a useful and quite effective technical operation.
Introduction
Among several other issues, farm management should cope with the effects of minerals dissolved in the soil water solution. The availability of these minerals as solutes provides nutrients to crops (a positive condition), although water drainage can induce solute losses (a negative condition) thus hiding the previous function. Conversely, an increase in the solute's concentration may lead to the build-up of soil salinity (a negative condition) that requires salt leaching to remove excessive solutes from the cultivated soil profile (this time a positive condition).
Irrigation and fertilization are farming techniques that directly modify the status of the circulating soil solution. Indeed, the risk of solute losses by water drainage may further rise under intensive agricultural conditions, i.e., when larger amounts of irrigation water and mineral fertilizers are applied to increase crop yields [1] . Leaching losses are also affected by pedoclimatic conditions such as soil water retention capacity, soil hydraulic conductivity, rainfalls, and crop transpiration rate [2] .
Proper farming management has the goal to increase the efficient use of plant nutrients, thus favoring plant uptake, reducing nutrient losses by drainage while balancing the salt build-up through leaching.
summer. The long-term annual mean rainfall is 360 mm, with precipitations mainly occurring in the period from September to March [1] . During the trial period, solar radiation, air temperature, air relative humidity, wind speed and precipitation were detected daily by a weather station placed close to the experimental field equipped with a data-logger (Campbell Scientific, Logan, UT, USA).
The experiment took place on a loam-texture soil (United States Department of Agriculture -USDA classification). According to the FAO (Foof and Agriculture Organization of the United Nations) international standard taxonomic soil classification system "World Reference Base for Soil Resources", the soil belongs to the "haplic calcisol" reference group, corresponding to a typical calcixerept in the USDA soil taxonomy.
The trials were carried out using a specifically designed experimental set-up (Figure 1 ). At the center of each of three adjacent and identical field-plots (having an area of approximately 100 m 2 ) a basin was dug (0.70 m depth), thus forming a hydraulically insulated drainage system collecting the deep percolating water. Water losses along the 0.70 m soil profile were due to heavy precipitations exceeding the soil water holding capacity or unpredicted rains soon after irrigation. This water was collected by perforated drainage pipes placed along the bottom of each basin and connected to tanks positioned underground at the head of each field-plot. For a detailed description of the experimental device please read Appendix A. The use of this experimental set-up allowed the recovering of all the drained water volumes progressively percolated throughout the entire study period. Consequently, chemical analyses were performed on samples taken from these water volumes.
This experimental device was prepared some years before (in 2006) and it was formerly used in performing two previous experiments focused on the leaching of salts and nitrate, respectively [1, 29] . Figure 1 . A lysimeter-like installation was set up allowing the recovery of the water drained from the 0.70 m soil profile and collected by draining perforated pipes placed along the bottom of each basin and connected to tanks located underground at the head of each field plot.
Crop Rotation and Agronomic Conditions
Lettuce (Lactuca sativa, L.), cultivar "Canasta scura", and radicchio (Cichorium intybus, L.), cultivar "Tondo Rosso", were transplanted on 31 October 2014. Zucchini (Cucurbita pepo, L.), cultivar "President", was transplanted on 17 April 2015. The seedlings were placed in double rows (40 cm apart) spaced at 160 cm, at a distance of 30 cm along each single row, reaching a final density of 4.2 plants m −2 .
Lettuce and radicchio production were hand harvested at full maturity on 13 February 2015 (105 days from transplanting). Similarly, zucchini were progressively harvested by hand when full maturity was reached, from 25 May until 15 July (starting 99 days after transplanting). 
Lettuce and radicchio production were hand harvested at full maturity on 13 February 2015 (105 days from transplanting). Similarly, zucchini were progressively harvested by hand when full maturity was reached, from 25 May until 15 July (starting 99 days after transplanting).
Irrigation scheduling was performed according to the evapotranspiration criterion, with watering carried out every time the 50% of the available soil moisture was depleted. The reference evapotranspiration (ET 0 ) was calculated daily according to the FAO Penman-Monteith equation [30] . For each considered crop, the maximum crop evapotranspiration (ET C ) was estimated daily according to the classical 'two-step' procedure, i.e., by multiplying ET 0 by the crop coefficients as proposed Agronomy 2019, 9, 758 4 of 21 by the FAO Irrigation and Drainage Paper N. 56 [30] . Each watering restored the full ET C losses, with the soil water content taken back to field capacity. A drip irrigation method was applied for the three crops (a single drip line placed between each couple of plant rows and emitters at 0.4 m apart along the lines). Water was withdrawn from a phreatic well located near the experimental field. This water was chemically analyzed and results are reported in the Appendix E and the corresponding Table A3 . The irrigation water resulted saline, with an electrical conductivity (EC) that ranged from 4.7 to 5.8 dS m −1 during the crop irrigation period, and a mean pH of 7.7. Saline groundwater represents the irrigation source normally used in the farm where the study was carried out. Considering the experimental area (Apulian Tavoliere plain-Southern Italy), crop irrigation with saline water is often a standard practice due to the shortage of good quality water [29, 31, 32] .
Cropping operations, including fertilization, weed and pest control, followed the options usually applied by farmers in the study area and were carried out according to the usual local farming practices. As to fertilization, 120 kg ha −1 N, 60 kg ha −1 P 2 O 5 and 150 kg ha −1 K 2 O were applied to the soil for lettuce and radicchio; 180 kg ha −1 N, 100 kg ha −1 P 2 O 5 and 200 kg ha −1 K 2 O for zucchini. More specifically, pre-transplanting fertilization was applied in GS1 by distributing nitrogen as nitrate (16 kg ha −1 ) and ammonium (24 kg ha −1 ) followed by two fertigations throughout the growing season applying nitrogen as nitrate (22.4 kg ha −1 ), ammonium (15.6 kg ha −1 ) and urea (42 kg ha −1 ). Pre-transplanting fertilization was also applied in GS2 by distributing nitrogen as ammonium (20 kg ha −1 ) followed by four fertigations throughout the growing season applying nitrogen as nitrate (44.8 kg ha −1 ), ammonium (31.2 kg ha −1 ), and urea (84 kg ha −1 ).
Experimental Treatments and Physico-Chemical Analyses on Biochar, Soil, and Water Samples
The layout of the experimental field is reported in Figure 2 . It is made of three adjacent plots (where the biochar treatments were assigned), having an area of 100 m 2 each, a trench of 50 m 2 at the center of each plot, two groups of draining pipes per trench (A and B), and three drains per group connected to tanks placed underground.
The experimental design included three biochar application rates to soil, corresponding to 0, 1, and 2% of the dry soil weight (i.e., B0 or control, B1 and B2, respectively). Biochar applications within the 0.20 m soil depth were 26 and 52 mg ha −1 , for B1 and B2 respectively (considering the soil bulk density equal to 1.3 mg m −3 ). Each of the three experimental plots (B0, B1, and B2) was considered as split into two identical sampling areas (replicates), A and B, respectively ( Figure 2 ).
The biochar used in the experiment was obtained through pyrogasification of fir woodchips at 1200 • C in a 200 kWe power gasifier unit. Biochar was analyzed for a set of physico-chemical properties reported in the Appendix B and the corresponding Table A1 . Biochar is currently included in the list of soil amendments allowed in the Italian agriculture (Italian Official Journal-General Series No 186, 12 August 2015). According to the technical specifications published by the Italian Ministry of Agriculture, the biochar used in our experiments was rated into the first quality class (Corg > 60%; salinity ≤ 1000 mS m −1 ; ash < 10%). Other prescribed specifications (pH = 4-12 and H/Corg ≤ 0.7) were fully complied. Moreover, the values of H/Corg (0.25) and O/Corg (0.10) showed that biochar quality was not only suitable as soil amendment, but also characterized by a high C stability [33] .
Biochar application to the fields followed the operations reported in the Appendix C and the corresponding Figure A1 .
Soil physico-chemical characterization was performed before the starting of the trial. Further details on soil analysis and soil properties are reported in the Appendix D and the corresponding Table A2 . Moreover, considering that biochar applied to the soil showed a high pH value (see Appendix B, Table A1 ) and saline groundwater was used for crop irrigation, pH and electrical conductivity (EC) of the soil were carefully monitored along the two considered growing seasons. Soil samples were taken from the upper 0.30 m soil layer in each sub-plot (replicate) before each crop transplanting date and at monthly intervals during each crop cycle; pH and EC were therefore measured on 1:2.5 (w/v) aqueous soil extracts and saturated soil paste extracts respectively.
Drained water was also sampled throughout each cropping cycle, whenever drainage occurred, in triplicates from every tank. Water samples were collected in sterile 50-mL polyethylene containers and transported to the laboratory in refrigerated bags. They were kept in a refrigerator at +4 • C, and analyzed within 24 h from the time of collection. The measured parameters were anions and cations concentration (mg L −1 ). Both the major anions (Cl − , NO 3 − , SO 4 2− , and PO 4 3− ) and cations (NH4 + , Na + , K + , Ca 2+ , and Mg 2+ ) were determined by ion chromatography (Dionex ICS 1100, Dionex Corporation, Sunnyvale, CA, USA). The experimental design included three biochar application rates to soil, corresponding to 0, 1, and 2% of the dry soil weight (i.e., B0 or control, B1 and B2, respectively). Biochar applications within the 0.20 m soil depth were 26 and 52 mg ha −1 , for B1 and B2 respectively (considering the soil bulk density equal to 1.3 mg m −3 ). Each of the three experimental plots (B0, B1, and B2) was considered as split into two identical sampling areas (replicates), A and B, respectively ( Figure 2 ).
The biochar used in the experiment was obtained through pyrogasification of fir woodchips at 1200 °C in a 200 kWe power gasifier unit. Biochar was analyzed for a set of physico-chemical properties reported in the Appendix B and the corresponding Table A1 . Biochar is currently included in the list of soil amendments allowed in the Italian agriculture (Italian Official Journal-General Series No 186, 12 August 2015). According to the technical specifications published by the Italian Ministry of Agriculture, the biochar used in our experiments was rated into the first quality class (Corg > 60%; salinity ≤ 1000 mS m −1 ; ash < 10%). Other prescribed specifications (pH = 4-12 and H/Corg ≤ 0.7) were fully complied. Moreover, the values of H/Corg (0.25) and O/Corg (0.10) showed that biochar quality was not only suitable as soil amendment, but also characterized by a high C stability [33] .
Drained water was also sampled throughout each cropping cycle, whenever drainage occurred, in triplicates from every tank. Water samples were collected in sterile 50-mL polyethylene containers 
Statistical Analysis
The loss of solutes is the consequence of two concomitant processes: (1) water drainage through deep percolation and (2) mineral nutrients solubilization in the percolating water. The higher the effect of biochar on both soil water retention and ion adsorption, the lower will be the consequent loss of solutes. The assumption regarding the leaching of major anions and cations is that the losses of these solutes from the soil profile (S OUT ; kg ha −1 ) should be the consequence of both the volumes of water drained (W OUT ; m 3 ha −1 ) and the concentration of the corresponding solutes in the drainage water. W OUT (m 3 ha −1 ), in turn, depends on the amount of water supply W IN (m 3 ha −1 ), measured as the sum of both precipitation (W P ) and irrigation (W I ), according to the following "drainage model":
where γ (-) is the drainage coefficient affected by the soil hydraulic properties (with or without biochar), on condition that: γ ≤ 1.
On the other hand, S OUT (kg ha −1 ) depends on the amount of drained water (W OUT ) according to the following "leaching model":
where ε (kg m −3 ) is the leaching coefficient, i.e., the solute concentration in the drainage water, affected by the initial ion concentration in the soil, ion solubility, and soil physico-chemical retention properties (with or without biochar).
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By merging Equation (1) with (2), respectively, the following Equation (3) is obtained:
Therefore, the considered experimental data processed in the statistical analyses were: The cumulated volumes of water inflow (W IN ) and outflow (W OUT ) with respect to the upper 0.70 m soil profile, together with the cumulative amounts of each anion and cation leached away from the same soil profile (S OUT ), throughout GS1 and GS2, respectively.
Cumulated outflow data (W OUT ) was linearly regressed as a function of the seasonal water supply (W IN ), while cumulated solute losses (S OUT ) was linearly regressed with respect the seasonal drainage water amount (W OUT ), according to an analysis of covariance model (ANCOVA). The dataset was preliminary checked for the homogeneity of the variance of the experimental error applying the Bartlett test, which did not result significant. A full factorial statistical ANCOVA model was therefore applied taking into account the following experimental factors: Growing season (GS1 and GS2) and biochar treatment (B0, B1, and B2), as well as their interaction. The two linear models of covariance, W OUT vs. W IN and S OUT vs. W OUT , respectively, were used to statistically compare the values of the drainage and leaching coefficients (ε and γ, respectively) as affected by the experimental factors and their possible interaction.
The statistical analyses were performed by using the JMP software package, version 8.1 (SAS Institute Inc., Cary, NC, USA). All of the figures were prepared using the SigmaPlot software (Systat Software, Chicago, IL, USA). Figure 3 shows the observed main weather conditions (temperature, rainfalls and reference evapotranspiration) during the experimental period. Table 1 reports the values of water inflows (rains and irrigation volumes) and water outflows (drainage volumes), as well as the losses of solutes by leaching detected during GS1 and GS2 and all the year-round (GS1 + GS2).
Results

Water Inflows, Outflows, and Solutes Leaching
Precipitation (W P ) were 1574 m 3 ha −1 in GS1 and 663 m 3 ha −1 in GS2. Seasonal irrigation volumes (W I ) were higher during GS2 (the dry season) than GS1 (the wet season). In GS1, fall-winter precipitations (W P ) highly contributed to satisfy the water crop requirements (ET C ). During GS1, three irrigations with an average frequency of 17.5 days were applied; irrigation was applied only during the first 40 days after transplanting, supplying 404 m 3 ha −1 of water in total. During GS2, nineteen irrigations with an average frequency of 6.5 days were applied; the seasonal irrigation volume supplied was 3679 m 3 ha −1 .
The water supply (W IN ) was higher during GS2 (4342 m 3 ha −1 ) than GS1 (1978 m 3 ha −1 ), due to the higher evapotranspiration demand of the spring-summer season and the consequent higher water requirement by the cultivated crop.
Drainage water (W OUT ) was collected at 15-day intervals, eight times during GS1 with volumes of water varying from 18 to 265 m 3 ha −1 ; five times during GS2 with volumes of water varying from 40 to 162 m 3 ha −1 . On average, the total amount of drainage water recorded in the course of the two cropping cycles was higher in GS1 (693 ± 56 m 3 ha −1 ) than GS2 (369 ± 52 m 3 ha −1 ). These larger drainage volumes were mainly the result of greater precipitations occurred in the autumn-winter period.
In Table 1 , the average total amounts of anions and cations leached by the drainage water are also reported. Impressive losses of nitrate (NO 3 − ) were detected during GS1 (on average 306 ± 23 kg ha −1 ), while the losses of the same macronutrient were approximately reduced to one third during GS2 (on average, 104 ± 13 kg ha −1 ), but still remaining quite high. These values should be considered the consequence of an intensive crop management applied by the farmer with respect to the mineral fertilization rate. Moreover, in GS1 it should be considered the relevant soil NO 3 − -N initial Agronomy 2019, 9, 758 7 of 21 availability (see Table A2 in Appendix D). Besides nitrate, also chloride (Cl − ) and sodium (Na + ) were largely lost through soil percolation (on average, 263 ± 26 kg ha −1 and 252 ± 19 kg ha −1 , during GS1; 402 ± 81 kg ha −1 and 133 ± 20 kg ha −1 , during GS2, respectively) because of the unintentional supply of high amounts of these two ions brought into the soil by saline irrigation water [29] . Phosphate (PO 4 3− ) and ammonium (NH 4 + ) were never revealed in detectable quantities in drained waters. With respect to phosphate, it means that under such experimental soil conditions it is only slightly soluble or insoluble, while ammonium is predominantly adsorbed by the soil exchange complex (and biochar). It should also be emphasized that the reported results provide just a general order of magnitude of the values at stake, but they do not allow a proper evaluation of the processes involved. Indeed, the W OUT values are directly affected by the amount of W IN , while S OUT is directly affected by W OUT and, in turn, indirectly affected by W IN itself (see Equations (1)-(3) previously reported).
Only through the ANCOVA we can correctly quantify the treatment effects on each resulting output, "ceteris paribus", i.e., the other variables being unchanged or constant. Table 1 reports the values of water inflows (rains and irrigation volumes) and water outflows (drainage volumes), as well as the losses of solutes by leaching detected during GS1 and GS2 and all the year-round (GS1 + GS2).
Precipitation (WP) were 1574 m 3 ha −1 in GS1 and 663 m 3 ha −1 in GS2. Seasonal irrigation volumes (WI) were higher during GS2 (the dry season) than GS1 (the wet season). In GS1, fall-winter precipitations (WP) highly contributed to satisfy the water crop requirements (ETC). During GS1, three irrigations with an average frequency of 17.5 days were applied; irrigation was applied only during the first 40 days after transplanting, supplying 404 m 3 ha −1 of water in total. During GS2, nineteen irrigations with an average frequency of 6.5 days were applied; the seasonal irrigation volume supplied was 3679 m 3 ha −1 .
The water supply (WIN) was higher during GS2 (4342 m 3 ha −1 ) than GS1 (1978 m 3 ha −1 ), due to the higher evapotranspiration demand of the spring-summer season and the consequent higher water requirement by the cultivated crop.
Drainage water (WOUT) was collected at 15-day intervals, eight times during GS1 with volumes of water varying from 18 to 265 m 3 ha −1 ; five times during GS2 with volumes of water varying from 40 to 162 m 3 ha −1 . On average, the total amount of drainage water recorded in the course of the two cropping cycles was higher in GS1 (693 ± 56 m 3 ha −1 ) than GS2 (369 ± 52 m 3 ha −1 ). These larger drainage volumes were mainly the result of greater precipitations occurred in the autumn-winter period. 
The Drainage Model
Considering the results of the ANCOVA applied to drainage, a set of linear regressions was obtained interpreting W OUT as a function of W IN . The ANCOVA accounted for the effect of the two experimental factors: Growing season (GS) and biochar application rate (B), together with their interaction (GS*B). The interaction of the two experimental factors did not result significant and, for this reason, it was not included in the final regression model.r
The estimates and the statistical significance of the linear coefficients (intercept and slopes, respectively), are reported in Table 2 . With no water supply, drainage is absent and, coherently, the regression lines show a zero intercept value, starting directly from the axis origin. Statistically, the model resulted highly significant (R 2 = 0.90; p < 0.0001) and showed a quite good level of precision (root mean square error [RMSE] = 75.75 m 3 ha −1 ; coefficient of variation [CV] = 34.24%). The slope of the model represents the so-called drainage coefficient (γ) and it accounts for the fraction of W IN lost by drainage (W OUT ). The average value of γ was equal to 0.2167, indicating that approximately Agronomy 2019, 9, 758 8 of 21 22% of total water supplied to the crop by rains and irrigation was drained out of the considered soil profile. Table 1 . Average values of water inflow (rains (W P ) and irrigation (W I ) volumes per unit area), water outflow (drainage) and solute leaching detected in the two consecutive growing cycles (GS1 and GS2) and all the year-round (GS1 + GS2).
Variable
Units GS1 A highly significant influence on γ was showed by the growing season (GS). Particularly, GS1 increased the γ value to 0.3464, while GS2 resulted in a lower γ value equal to 0.0867. The effect exerted by the growing season on water drainage is shown in Figure 4A .
The effect of biochar (B) on the γ value was highly significant only considering B1 (Table 2 and Figure 4B ). Indeed, when biochar was applied at a 1% rate, γ was significantly reduced (p < 0.01) to a value of 0.1897. No significant effects were detected considering both B0 and B2 ( A highly significant influence on γ was showed by the growing season (GS). Particularly, GS1 increased the γ value to 0.3464, while GS2 resulted in a lower γ value equal to 0.0867. The effect exerted by the growing season on water drainage is shown in Figure 4A . The effect of biochar (B) on the γ value was highly significant only considering B1 ( Table 2 and Figure 4B ). Indeed, when biochar was applied at a 1% rate, γ was significantly reduced (p < 0.01) to a value of 0.1897. No significant effects were detected considering both B0 and B2 ( Table 2) . B1, and B2 ). The slope of the regression lines detects the fraction of water drained with respect to the water supplied. To avoid overlapping, some symbols may be not represented.
The Leaching Model
The ANCOVA applied to leaching interpreted the linear relationship of S OUT as a function of W OUT (Table 3 ). The model resulted highly significant (R 2 = 0.95; p < 0.0001) and showed a quite good level of precision (RMSE = 18.85 kg m −3 ; CV = 36.46%).
The model accounted for the effect of the experimental factors, as well as for their interaction. The effect of the three experimental factors: Ionic species (I), growing season (GS), and biochar (B), individually considered, was highly significant. Also the interaction I*GS and I*B resulted highly significant. Only these significant effects were included in the final regression model as reported in Table 3 .
Similarly to drainage, also in the case of leaching, all regression lines showed a zero intercept, indicating that, with no water drainage, no leaching of solutes occurred.
The slope of the model represents the so-called leaching coefficient (ε) and it accounts for the leached solutes from the considered soil profile per unit volume of drained water (W OUT ). The average value of ε was equal to 0.2406 kg m −3 ( Table 3) .
As reported in Table 3 and Figure 5A , ε showed different values for the analyzed anions and cations, depending on their concentration in the soil as well as the solubility and mobility within the soil water solution of each considered chemical species. The higher the ion solubility and mobility, the higher its concentration in the soil water solution (i.e., the value of ε) and, therefore, the higher the loss of solutes from the rooting zone of the soil due to leaching.
Cl − resulted the highest ionic species susceptible to leaching, showing a ε value of 0.6308 kg m −3 (∆ε = +0.3902 kg m −3 ), more than doubled if compared with the ε average value of the model. Indeed, Cl − is particularly prone to leaching as either soil minerals or organic matter do not adsorb it and therefore it is primarily dissolved in the soil circulating solution. Growing season (GS) had a significant effect on the value of the leaching coefficient (Table 3) . On average, GS1 showed a lower ε (0.2068 kg m −3 ) than GS2 (0.2743 kg m −3 ), highlighting higher loss rates of solutes from the soil during the spring-summer rather than the fall-winter crop cycles.
A significant interaction I*GS was also observed, although involving only two anions, Cl − and NO 3 − respectively. In particular (Table 3) The average effect of biochar addition to soil on reducing the leaching of solutes (Table 3 and Figure 5B ) was significant only when considering B1, i.e., the 1% soil application rate (∆ε = −0.0129 kg m −3 ), as it was already observed for the effect on water drainage. B2 treatment also reduced the losses of solutes, but this effect did not result statistically significant (∆ε = −0.0021 kg m −3 ). On the contrary, B0 showed a significant increase of ions leaching (∆ε = +0.0149 kg m −3 ) with respect to the average value.
The interaction I*B was also significant, again considering only NO 3 − ( Figure 5C ) and Cl − ( Figure 5D ). The leaching coefficient with respect to NO 3 − (0.3767 kg m −3 ) was significantly reduced in B1 (∆ε = −0.0193 kg m −3 ) but significantly increased in B2 (∆ε = +0.0382 kg m −3 ). Differently from NO 3 − , the Cl − leaching coefficient (0.6308 kg m −3 ) was significantly reduced both in B1 and B2
(∆ε = −0.0258 and −0.0447 kg m −3 , respectively) as shown in Table 3 . The slope of the model represents the so-called leaching coefficient (ε) and it accounts for the leached solutes from the considered soil profile per unit volume of drained water (WOUT). The average value of ε was equal to 0.2406 kg m −3 ( Table 3) .
As reported in Table 3 and Figure 5A , ε showed different values for the analyzed anions and cations, depending on their concentration in the soil as well as the solubility and mobility within the soil water solution of each considered chemical species. The higher the ion solubility and mobility, the higher its concentration in the soil water solution (i.e., the value of ε) and, therefore, the higher the loss of solutes from the rooting zone of the soil due to leaching. Cl − resulted the highest ionic species susceptible to leaching, showing a ε value of 0.6308 kg m −3 (Δε = +0.3902 kg m −3 ), more than doubled if compared with the ε average value of the model. Indeed, Cl − is particularly prone to leaching as either soil minerals or organic matter do not adsorb it and therefore it is primarily dissolved in the soil circulating solution.
NO3 − and Na + proved a slightly lower mobility in the soil than Cl − with ε = 0.3767 and 0.3581 kg m −3 (Δε = +0.1362 and +0.1175 kg m −3 , respectively). The negligible interplay of NO3 − with the negatively charged soil matrix justifies its relatively high mobility within the circulating soil solution. With respect to Na + , the result is consistent with the very weak holding strength characterizing this cation at the soil surface, poorly attracted and held on the cation exchange complex. The lowest ε value of 0.0337 kg m −3 (Δε = −0.2068 kg m −3 ) was observed for magnesium (Mg 2+ ). Similarly, also potassium (K + ) showed a quite low ε value equal to 0.0428 kg m −3 (Δε = −0.2068 kg m −3 ). These results can be explained considering that both Mg 2+ and K + represent cations usually leached in small amounts from the soil, even when applied as fertilizer. Sulphate (SO4 2− ) and calcium (Ca 2+ ) showed an intermediate ε value equal to 0.0995 and 0.1422 kg m −3 (Δε = −0.1410 and −0.0984 kg m −3 , respectively). 
Soil Salinity and pH
Soil pH was not affected by biochar (neither B1 nor B2), while it slightly increased during GS1 (on average from 7.4 to 7.7), returning back to its original value at the end of GS2. Similarly, soil EC was not significantly affected by biochar, but conversely it was strongly affected by the growing season, being very low in GS1 (on average from 0.55 to 0.57 dS m −1 ), showing a sharp increase in GS2, when full irrigation with saline water was performed and groundwater salinity was the highest (on average from 0.57 to 2.4 dS m −1 ). The precipitation regime characterizing the fall-winter seasons usually promotes a successful salt leaching along the soil profile.
Discussion
Seasonal Effect on Water Loss by Drainage
The experimental results derived from the empirical drainage model clearly showed that the autumn-winter growing season (GS1) accounted for a higher drainage coefficient, resulting in larger volumes of drained water keeping fixed the total water supply (W IN ).
This was observed mainly because the soil water content in fall-winter is generally closer to full water capacity than in spring-summer, due to more abundant rainfalls occurring in the former period than in the latter and lower evapotranspiration rates by the crops.
Biochar Effect on Water Loss by Drainage
Still according to the results obtained from the empirical drainage model, biochar added to the soil played an important role in reducing soil water losses by drainage. This effect is likely due to an increased soil water retention, although strictly limited to a lower application dosage (B1). On the contrary, when a higher amending biochar rate (B2) was applied to soil, its effect on water drainage did not differ from the control (B0). Several authors reported a significant increase in the water retention capacity of the soil in case of biochar addition [34, 35] .
This property is mainly due to its porous structure and large exposed surface area [36, 37] . Water is retained not only in the biochar pores (intra-pores) but also in the pores created at the interface between biochar and soil particles or small aggregates (inter-pores), as reported by Liu et al. [38] . In particular, pores can hold water via capillary and adhesive forces, thus reducing the mobility of water and improving soil water holding capacity [34, 39] . Various studies reported increased soil water retention with increasing rate of biochar application, suggesting that large amount of biochar are required to consistently improve soil water holding capacity [39] . Conversely, other studies reported no effect [40] [41] [42] [43] , or even a decrease, on water retention [44] [45] [46] as a consequence of larger biochar application to soil.
Results of biochar use as soil amendment are highly variable in the literature. This is mainly due to a wide range of feedstock processing conditions, also including the type of biomass used and the technical operations applied in the pyrolytic technology to obtain biochar. Moreover, agronomic conditions and field technical operations showed to be highly influential, such as biochar application rate and the size of its particles, together with soil type and structure [16, 17, 28, 40] . Our results are consistent with the findings of those authors reporting increased water retention even if at lower rates of biochar application [47] and particularly with results reported by Hansen et al. [48] and Du et al. [49] . They observed a significant improvement in the water holding capacity after soil amendment by 1% biochar. As reported already, B2 did not reduced soil water drainage. According to suggestions from the literature, this behavior could be explained considering that the 2% biochar treatment (B2) affected the saturated hydraulic conductivity of soil more than the 1% treatment (B1). Under water-saturated soil conditions, a greater water conductivity might create faster water-movement through soil pores and, consequently, greater water drainage along the soil profile. Previous studies, indeed, showed that amending soil with biochar can either increase or decrease the saturated hydraulic conductivity depending on biochar type, soil texture and amount of biochar application [35, 45, [50] [51] [52] . Kameyama et al. [53] , Barnes et al. [54] , and Li et al. [55] reported an increased saturated hydraulic conductivity in clay soils at higher concentration of biochar (5%-10%, w/w). Saturated hydraulic conductivity in biochar-amended soils is mainly controlled by the pores between biochar and soil particles (intra-pores), pore connectivity, pore size and tortuosity [17, 56] . The addition of low biochar doses (i.e., 1% w/w) could reduce the size and connectivity of pores due to the filling of intra-pores by soil particle, thus increasing the soil tortuosity [56, 57] . On the contrary, soil amendment with higher biochar rate (e.g., 2% w/w) could cause the formation of larger and more connected pores between soil and biochar particles [35, 54, 55] , enhancing water flow and hydraulic conductivity in the soil. In our experimental conditions, soil amended with a higher biochar dose (B2) seems to behave accordingly to this latter hypothesis. Our findings, indeed, are consistent with Li et al. [55] that reported a significant increase in soil hydraulic conductivity when 2% biochar was mixed into the upper 10-20 cm layer of a silty clay soil. Considering the soil and biochar type, and the biochar application rate managed in our field trials, we can suppose a "threshold effect" of biochar dose on these two hydrological soil properties: Water retention and water drainage, respectively. When the amount of biochar applied to soil does not exceed approximately the 1% w/w threshold, water retention prevails and the soil water holding capacity is enhanced. Differently, when soil is amended with a higher biochar dose than 1% (and in the 1%-2% w/w range), the effect of biochar on the hydraulic conductivity is prevailing and the water losses by drainage are higher. However, direct measurements of hydraulic soil properties in our experimental conditions are needed to confirm this possible explanation.
Seasonal Effect on Solute Losses by Leaching
Considering the obtained results about the leaching of solutes from the soil as derived from the leaching empirical model, the autumn-winter growing season (GS1) was characterized by major nitrate losses than the spring-summer period (GS2), keeping fixed the amount of drained water (W OUT ). These results can be explained considering that nitrates uptake by the crops is limited in winter due to a reduced growth rate while nitrate concentration into the soil remains high in the same period. Therefore, during the lettuce-radicchio crop cycle, the rate of plant nitrogen uptake was quite low and the NO 3 − not actively utilized by the plants was still available in the circulating soil solution, significantly contributing to leaching. Previous studies [1, 58] showed that, in the autumn-winter growing season, a larger nitrogen fertilizer supply to the crop, together with the usually intense precipitations, resulted in significant nitrogen losses. Arregui and Quemada [59] also reported this kind of data interpretation. The authors showed that nitrogen leaching in Mediterranean climate easily occurs in the autumn-winter season, when crop growth is slow due to temperature constraints, nitrogen demand is usually low, precipitation exceed crop evapotranspiration and considerable drainage take place along the soil profile.
Conversely, the spring-summer period (GS2) showed major chloride losses than GS1, keeping fixed the amount of drained water (W OUT ). Irrigation, performed in summertime, used saline water from the aquifer, very rich in chlorides. This provides evidence of a higher Cl − leaching in GS2.
Biochar Effect on Solute Losses by Leaching
Still according to the results obtained from the empirical leaching model, biochar was shown to be effective in reducing the concentration of solutes in the soil drainage water but only considering the lower dose added to the soil (B1). This is generally true for all kind of solutes, both anions and cations.
More specifically, biochar significantly reduced the leaching coefficient of Cl − (at both the addition rates, B1 and B2) and NO 3 − (only at the lower addition rate, B1). Several studies [43, 60, 61] confirmed the occurrence of anionic adsorption, particularly of nitrate, on biochar surface, deeming a high pyrolysis temperature (>600 • C) as the fundamental reason for this attribute. As observed by Dhyani et al. [62] , biochars produced at high temperature have a greater specific surface area and show a good deal of positive charges on their surface. Other experiments, carried out under laboratory conditions [63] [64] [65] , showed a good nitrate adsorption activity with high temperature derived biochars. Therefore, in our experimental conditions and according to the literature, the anions retention observed in the soil treated with two biochar supply rates could be attributed to the high temperature (up to 1200 • C) at which the used biochar was obtained. However, the higher soil application rate of biochar (B2) significantly increased NO 3 − leaching as shown by the higher NO 3 − ε value in B2 (0.42 kg m −3 ) than B1 (0.36 kg m −3 ). Very likely, it can be supposed that the increased NO 3 − leaching could be due to increased microbial respiration [66] and enhanced mineralization of organic nitrogen boosted by the higher level of biochar [67] , thus releasing nitrate in the soil solution. However, further experiments, more data, and additional analyses are needed to confirm this possible explanation, since the objective of this study was not focused on this but mostly related to the overall field scale and the balance conditions of water and solutes.
Conclusions
This work assessed the effect of biochar application to a cultivated soil on water drainage and the consequent losses of solutes by leaching. Actual field-grown conditions were applied considering a loam-texture soil and performing a couple of cultivation trials carried out over two consecutive growing cycles of horticultural crops.
Biochar proved a positive effect, but only at a lower supply rate. Indeed, biochar application to soil at 1% d.w. significantly reduced both water drainage and solute leaching. This effect was likely due to an increase in water retention as well as in ion adsorption. At a higher application rate (i.e., 2% soil d.w.), biochar effect did not differ from the control (no biochar applied) and the reduction of solute leaching was not statistically detected.
Unlike all the other ions considered in the trial, NO 3 − showed a higher leaching reduction at lower biochar application, while Cl − leaching was significantly reduced at both biochar addition rates. Therefore, strictly under the considered experimental conditions, 1% is approximately the recommended biochar application rate for mitigating nutrient losses (and nitrate most of all).
Increased anions and cations retention in the soil, particularly when they represent useful nutrients for the crop growth, should assure a better uptake by the plant roots and, at the same time, a decreased risk of surface-and ground-water contamination.
The conclusion to be drawn suggests that biochar application to the upper layer of cultivated soils can contribute, within a defined rate, in improving the soil water retention, also reducing solute losses by drained water. 
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Appendix A Experimental Set-Up
The experimental set-up included three adjacent and identical plots of approximately 100 m 2 (6.4 m wide, 15.6 m long).
At the center of each plot, an artificial draining basin was dug, removing the soil to create a trench of approximately 50 m 2 (3.2 m wide, 15.6 m long), and 0.7 m of depth (Figure 1) . At the bottom of the trench, a slope gradient of 0.5% was arranged.
A plastic sheet was used to cover both the walls and the bottom of each trench (Figure 1 ). In this way, the basins were hydraulically isolated thus preventing lateral fluxes and percolation of water.
A set of 52-mm-diameter corrugated draining pipes was installed at the bottom of the trench, over the plastic cover, to collect the percolating water. Each plot had six draining pipes, longitudinally arranged into two groups per trench (three draining pipes per group) and covered with a polypropylene textile.
At one end of the trench, the three draining pipes of each group were connected to a single unperforated PVC pipe, finally assembled to a connection pipe channeling the percolating water into a 1000 L tank (Figure 1) . Therefore, each plot had two tanks (i.e., one tank per group of draining pipes) that were buried at the 'downstream' end of the plots.
The trenches were then filled with the same soil previously dug out, reproducing at the best the original soil stratification.
As a result of this experimental set-up, the natural hydraulic gradient of the soil was disrupted, while a water saturated zone was formed at the bottom of each draining basin, before the water drained away. This condition mimicked the presence of a shallow water table at a depth of 0.7 m.
Appendix B Biochar Analyses and Characterization
Biochar was ground and sieved (in a 2 mm mesh) and then analyzed in triplicate for a set of physico-chemical properties.
Biochar pH and electrical conductivity were determined after 1 h shaking with deionized water (1:20 w/v) and waiting for an equilibrium time of 5 min before measurement using a GLP 22+ pH-meter and a GLP 31+ EC-meter (Crison Instruments, Barcelona), respectively.
Biochar proximate properties, i.e., total solid (TS), volatile solid (VS), ash (AS), and fixed carbon (FC), were obtained using a thermogravimetric analyzer unit (LECO-TGA701), according to the ASTM D7582 method.
Ultimate analysis was performed by a CHNS Elemental Analyzer (CHN LECO 680), operating according to the LECO-ASTM D5373 method, to determine the C, N, H and S contents. Oxigen (O) was calculated by difference: O (%) = 100-C-H-N-S-ash.
Carbon stability of biochar was evaluated indirectly by the molar ratios of hydrogen to organic carbon (H/Corg) and oxygen to organic carbon (O/Corg). Lower H/Corg ratios, as well as lower O/Corg ratios provide indications of a long-term stability and persistence of biochar in the soil, contributing to carbon sequestration [68] . H/Corg values exceeding 0.7 are an indication of non-pyrolytic chars or pyrolysis deficiencies [69] . O/Corg ratio less than 0.2 should ensure a minimum biochar half-life of 1000 years [33] . These ratios were calculated from H, C, and O content.
Micro-and macro-elements analysis was performed by digesting 0.25 g of biochar sample in 10 mL of HNO 3 in a closed vessel microwave digester (CEM-Mars6) for 20 min at 220 • C. The obtained solution was analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES), using the 720 Series ICP-OES spectrometer (Agilent Technologies, Santa Clara, CA, USA).
Biochar physical properties, i.e., bulk density and total porosity, were measured by applying the ring knife method as proposed by Sun et al. [70] .
Water holding capacity (WHC) was determined on biochar soaked in water for 24 h and drained for 2 h thus obtaining a saturated material that was weighted, dried at 105 • C in an oven and reweighted.
The following Table A1 reports the main physico-chemical properties of biochar applied to soil in the experimental trial. 
Appendix C Biochar Application to Soil
Before using biochar as soil amendment, biochar was preliminary ground into particles smaller than 1 cm in order to increase its area to volume ratio, thus maximizing the interaction with soil particles.
The experimental fields were ploughed first, then biochar was applied to the soil surface ( Figure A1A ) using a fertilizer spreader 1 month before the first transplanting, finally it was mixed to the soil within the upper 0.20 m soil layer with a rotary hoeing tillage ( Figure A1B,C) .
Considering the soil bulk density (1.3 mg m −3 ) and the incorporation of biochar to 0.20 m soil depth, rates of biochar application were equivalent to 26 and 52 mg ha −1 , respectively for B1 and B2. 
Appendix D Soil Classification and Soil Physico-Chemical Characterization
According to the FAO international standard taxonomic soil classification system "World Reference Base for Soil Resources", the soil belongs to the haplic calcisol reference group, corresponding to a typic calcixerept in the USDA soil taxonomy.
Samplings and measures were performed before the starting of the trial. Three soil samples were collected from every sub-plot. Each sample consisted in three soil cores taken at 0-20, 20-40, and 40-60 cm soil depth, using a 50-mm-diameter soil auger. Therefore, 18 samples in total were obtained.
The soil particle-size distribution was determined using the pipette-gravimetric method. Field capacity and wilting point, respectively at −0.03 MPa and −1.5 MPa were obtained using a pressure-plate apparatus (Soilmoisture Equipment Corp.); the maximum crop-available water was consequently estimated by the difference of the two values.
The bulk density was measured by extracting three intact soil cores at 20, 40, and 60 cm soil depths, with an 'undisturbed' soil-core sampler (Model 0200, Soilmoisture Equipment Corp., Goleta, CA, USA).
The pH and electrical conductivity were measured on 1:2.5 (w/v) aqueous soil extracts and saturated soil paste extracts respectively.
The soil total N was determined by the Kjeldahl method [71] , while P 2 O 5 was determined by using the sodium bicarbonate method [72] . Organic carbon was detected by oxidation with a potassium dichromate-titration of FeSO 4 according to Walkley-Black method [73] and the organic matter was estimated by multiplying the percentage of the organic carbon by the factor 1.724. Na + , Ca 2+ , and Mg 2+ were determined in soil saturated paste extracts and analyzed by using Atomic Absorption Spectroscopy-AAS (Perkin-Elmer Atomic Absorption Spectrophotometer-model 2380). NO 3 − -N was determined according to Keeney and Nelson [74] .
After sampling, the soil cores were stored and maintained frozen until determining NO 3 − -N concentration by soil extraction with 2 M KCl, followed by spectrophotometric analysis of the extract.
The following Table A2 reports the main physico-chemical properties of the 0.7 m soil layer. 
Appendix E Chemical Analysis of Irrigation Water
